Abstract
Introduction
As one of the most prevailing endocrine malignancies, the incidence of thyroid cancer (TC) has been steadily increasing, with an incidence of 6.10/100,000 in females and 1.90/100,000 in males [1, 2] . According to a statistical review, 229,900 new female TC cases and 70,000 new male TC cases were documented in 2012 [1, 2] . Papillary thyroid carcinoma (PTC) is the most frequent subtype of TC, accounting for approximately 75-85% of TC cases [2, 3] . PTC patients encountering adjacent tissue invasion or lymphatic metastasis are prone to suffer from unfavourable prognosis [4, 5] . Although PTC development has been hypothesized to be induced by various factors of heredity, hormone secretion and environmental hazards, the inherent PTC pathogenesis remains ambiguous, particularly the mechanism underlying the regulation of the invasion and migration of PTC [6] .
The RAS association domain family (RASSF) proteins are correlated with Ras-like small guanosine triphosphate (GTP)-binding proteins and are involved in a series of cellular processes, including cell growth migration, adhesion and apoptosis [7] . They consist of 10 members (RASSF1-RASSF10) and are divided into classical RASSF (i.e., RASSF1-RASSF6) and N-terminal RASSF (i.e., RASSF7-RASSF10) [8] . Classical RASSF proteins have a featured protein-protein interaction domain called SARAH (SARAH: SAlvador, RAssf, Hippo) in the C-terminus, while N-terminal RASSF proteins (e.g., RASSF10) are identifiable due to their SARAH domain [9] . RASSF10, which is located on chromosome 11p15.2 near the RRAS2 oncogene, contains a CpG island in the promoter region that is responsible for methylation and can contribute to tumourigenesis [8, 10] . Epigenetically inactivated RASSF10 has been suggested in diverse tumours, including prostate carcinoma, glioblastoma, skin malignant melanoma and thyroid cancer [11] [12] [13] [14] . Previous findings have indicated that RASSF10 might suppress the growth of colorectal and hepatocellular carcinomas, as well as stimulate cell cycle arrest and cell apoptosis by activating p53 signalling [15] [16] [17] [18] . The dominant components of p53 signalling, including p53, p21, Bcl-2 and Bax, have been extensively studied in carcinomas [16, 19] . Among these factors, the p53 mutation appears to be the most frequent genetic alteration observed in tumour cells. For instance, the mutated form of p53 regularly appears in undifferentiated thyroid carcinomas [20] [21] [22] , and MDM2, another pivotal element of p53 signalling, can directly catalyse p53 degradation by exacerbating p53 ubiquitination [18, 23] .
However, how RASSF10 and p53 signalling are coordinated and induce the formation and progression of PTC remain elusive, although RASSF10 and p53 have been suggested to be independent correlated with TC. Thus, the present study was designed to illustrate the epigenetic deactivation of RASSF10 in PTC and the role of p53 signalling in RASSF10 through which PTC cell apoptosis is epigenetically regulated.
Materials and Methods

Subjects
A total of 108 PTC tissue samples and normal adjacent tissues were obtained from Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, between January 2011 and January 2014. Clinical and pathological data, including gender, age, tumour size, pathological types, lymph node metastasis and histological grade were recorded. Tissues were promptly frozen in liquid nitrogen after thyroidectomy and stored at -80°C until further use. All samples were diagnosed by histological review. None of these patients received preoperative chemotherapy or radiotherapy. The study was approved by the ethics committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, and all participants provided informed consent.
The human PTC cell line (K1) and the normal thyroid cell line (FRTL5) were acquired from the Chinese Academy of Sciences (Shanghai, China). Both K1 and FRTL5 cells were cultured in RPMI 1640 medium containing 10% newborn bovine serum, 100 U/mL penicillin and 100 U /mL streptomycin sulfate in a 5% CO 2 atmosphere at 37 °C.
Demethylation treatment K1 cells were treated with 2 μM 5-aza-2'-deoxycytidine (5-aza-dC, Sigma, USA), a DNA methylation transferase inhibitor for 4 days to achieve demethylation. Untreated K1 cells were regarded as negative controls.
Western Blotting analyses
Proteins were extracted from the cells using the CytoBuster Protein Extraction Reagent (Merck Chemicals, UK), and the protein concentrations were determined using a BCA assay kit (Beyotime). Following protein separation by SDS-polyacrylamide gel electrophoresis (PAGE), proteins were transferred onto equilibrated polyvinylidene difluoride membranes (Jianglai Biotechnology, China). After incubation with specific primary antibodies, including rabbit anti-human RASSF10 (Abcam, ab113105), p53 (Santa Cruz, sc-6243), p21 (Santa Cruz, sc-6246), Bcl-2 (Santa Cruz, sc-7382), Bax (Santa Cruz, sc-526), E-cadherin (BD biosciences, 610181), N-cadherin (Santa Cruz, 8C11), Vimentin, ZO-1 (Santa Cruz, sc-6260), TCF-8/ ZEB1 (Cell Signaling Technology, 3396) and β-catenin (Cell Signaling Technology, 9582) at 4°C overnight and incubation with secondary antibodies, including horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG (Santa Cruz, sc-2004), proteins were visualized using ECL Plus Western Blotting Detection Reagents (GE Healthcare, UK). β-actin served as the internal reference.
Expression vector construction and transfection
The open reading frame (ORF) of the RASSF10 gene was generated by RT-PCR, and p53 siRNA and shRASSF10 were purchased from OriGene Technologies (Rockville, USA). Next, RASSF10, p53 siRNA and shRASSF10 were cloned into the pcDNA3.1 expression vector according to the manufacturer's guidelines (Invitrogen). The constructed sequence was further confirmed by sequencing. Expression vectors were transfected into K1 cells with low RASSF10 expression using Lipofectamine 2000 (Invitrogen). Next, the cells were divided into five groups: control group (cells were transfected with empty vector pcDNA3.1), RASSF10 group (cells were transfected with pcDNA3.1-RASSF10), RASSF10 + p53 siRNA group (cells were transfected with pcDNA3.1-RASSF10 and p53 siRNA), shcontrol group (cells were transfected with shcontrol), and shRASSF10 group (cells were transfected with shRASSF10). Stably transfected cells, which had been cultured for more than 12 days, were selected using G418 (Roche, USA). 5 cells/well) were seeded onto 6-well plates without the addition of serum for 1 day, and culture medium containing 10% FBS was used to replace the previous culture medium. Apoptosis was detected using the Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences, USA) under FACScan Flow Cytometer 24 hours after medium replacement. All assays were performed in triplicate.
Colony-formation assay
) were plated onto a 10-cm dish for 2 weeks. The cells were then washed twice with phosphate buffered saline (PBS), fixed with acetic acid/methanol (1:3, v/v), and stained with crystal violet (0.5%). The colony number was quantified under a microscope, and the assay was performed in triplicate.
Wound healing assay
Each well contained approximately 2 × 10 5 cells. When the cell density reached 80%, a line was scratched vertically in the middle of the plates using a pipette tip. After three washes with PBS, the plates were incubated in growth medium. The wound widths were measured under a microscope after 0 hrs, 24 hrs and 48 hrs.
Transwell assay
Transwell chambers were prepared according to the manufacturer's instructions, and the cell density was adjusted to prepare the cell suspension solution. In addition, transwell chambers were incubated for 12 h after inoculation, and the medium was removed and washed gently with PBS three times. The corresponding data during these procedures were recorded.
Statistical analysis
Data obtained from the three independent experiments are expressed as the mean ± standard deviation (SD). Any difference in variables between the PTC and adjacent normal tissues was analysed using the paired t-test. Moreover, Student's t-test and one-way analysis of variance (ANOVA) was performed to compare the difference between different groups of cells. All data were analysed using SPSS 21.0 software. P < 0.05 was considered statistically significant.
Results
Subject characteristics
The clinical characteristics of 108 case subjects are shown in Table 2 . The average age of the patients was 50.86 ± 11.85 years old, and the proportion of males was significantly less than that of females (P < 0.05). As suggested by the World Health Organization (WHO) histological classification [27] , 94 PTC patients were diagnosed with cystic papillary thyroid carcinoma (cPTC), and 14 patients were diagnosed with other types of PTC. There were 17 cases with extrathyroidal extension and 91 cases without extrathyroidal extension. For tumour size, 78 and 24 patients had tumours with the diameters of < 2 cm, 2-4 cm, respectively, and the remaining 6 patients had tumours with diameters > 4 cm.
RASSF10 was constantly methylated in PTC tissues
We used MSP to determine whether methylation of RASSF10 occurred in PTC cancer. The results showed that RASSF10 was methylated in 63.9.0% (69/108) of PTC samples, while only 8.3% (9/108) of cases were methylated in adjacent tissues (Fig. 1A, Table 2 ). Moreover, RASSF10 methylation was notably associated with tumour size (P < 0.05), although no significant association was discovered with age, sex, histological variant, extrathyroidal extension and distant metastasis (P > 0.05, Table 2 ). Furthermore, the expression of RASSF10 was detected using Western blotting analyses in PTC tissues and paired normal adjacent
RASSF10 expression was down-regulated by promoter hyper-methylation in PTC cells
To determine RASSF10 expression and methylation, RT-PCR and MSP was employed in human PTC cells (K1) and normal thyroid cells (FRTL5). As shown in Fig. 2A , loss of RASSF10 expression was detected in K1 cells, whereas RASSF10 was highly expressed in FRTL5 cells. Moreover, complete methylation was detected in K1 cells, while non-methylation was observed in FRTL5 cells. To investigate whether RASSF10 expression was regulated by promoter hyper-methylation, the PTC cell line K1 was treated with 5-aza-dC. After the application of treatments with 5-aza-dC, RASSF10 expression was reexpressed in K1 cells (Fig. 2B) , suggesting that RASSF10 promoter methylation may repress its transcription. In addition, BGS was performed to further confirm the methylation efficiency of the RASSF10 promoter in K1 and FRTL5 cells, and its results were consistent with those obtained from MSP (Fig. 2C) . Taken together, these results indicated that RASSF10 expression is downregulated by promoter hyper-methylation in PTC cancer. while p53 siRNA significantly reversed the promoting effects, and pcDNA3.1-RASSF10 + p53 siRNA co-transfected cells had a remarkably lower apoptosis rate than the RASSF10 group (P<0.05).
To investigate the role of RASSF10 in the p53 signalling pathway, the expression levels of p21, Bcl-2 and Bax were detected using western blotting analyses. As shown in Fig.  6 , the expression of p21 was examined, and increased Bax and decreased Bcl-2 expression was observed following upregulation of RASSF10 expression in K1 cells. The effects of RASSF10 overexpression were antagonized by transfection of p53 siRNA or shRASSF10. Taken together, these results indicated that the p53 signalling pathway was activated by RASSF10 in PTC cells.
Discussion
The implication of dysregulated oncogenic expression in human PTC has been well reported in the current literature [28] [29] [30] . However, the potential association between tumour inhibitors of PTC and cellular processes has not been fully understood. Moreover, some PTC patients do not exhibit abnormal expression of some identified oncogenes [31] . Thus, we suspected unidentified genes and mechanisms might also exert crucial roles in thyroid tumourigenesis.
Epigenetic inactivation of tumour suppressor genes is an elementary event in the pathogenesis of malignant tumours, which is often associated with advanced or aggressive tumours, disease progression, and poor prognosis [32] [33] [34] . Several studies have indicated that at least eight of the RASSF members, including RASSF1 to RASSF10, are downregulated by promoter hypermethylation in diverse types of cancers [7, 8, [35] [36] [37] . RASSF proteins carry several characteristic domains and can function as adaptor proteins in several biological processes. Initial studies have demonstrated their interactions with diverse Ras GTPases and the Mammalian sterile 20-like kinases, as well as their tumour inhibitory role in cell apoptosis, the Hippo pathway, and cell cycle and cytoskeleton regulation [38] . Previous studies have reported the RASSF family as potential tumour suppressors and prognostic markers [8, 37] . The current literature has also demonstrated that RASSF family members are critical to NF-kB and Wnt signalling pathways, which might be involved in epithelialmesenchymal transition (EMT) and cell motility [39, 40] .
In this study, we indicated that the recently identified RASSF member RASSF10 gene is often silenced in PTC cells. Downregulation of RASSF10 is closely associated with aberrant promoter methylation. We found that pharmacological demethylation can restore the expression of RASSF10, suggesting that promoter methylation might overcome the inactivation of RASSF10 in PTC. As suggested by our data and data obtained in other studies, RASSF10 may encode a novel epigenetically inactivated candidate tumour inhibitor gene in thyroid tumourigenesis [41] .
RASSF10 has been reported to function as a tumour suppressor in numerous cancers, including Merkel cell carcinoma, malignant melanoma, glioblastoma, pheochromocytomas, hepatocellular carcinoma, lung cancer, colorectal cancer, gastric cancer and prostate cancers [11-13, 16, 26, 42-45] . To reveal the function and corresponding mechanism of RASSF10 in PTC, we investigated its effects on both carcinogenesis and tumour progression. Our results showed that overexpression of RASSF10 significantly attenuated cell proliferation, migration, and invasion and induced cell apoptosis in a human PTC cell line (K1), while p53 siRNA significantly reversed the corresponding effects. Compared to the control group, the RASSF10 group exhibited higher expression of E-cadherin and ZO-1 and lower expression of N-cadherin, Vimentin, TCF-8/ZEB1 and β-catenin, while p53 siRNA contributed to the opposite effects. Thus, we suspected that RASSF10 could regulate epithelial-mesenchymal transition (EMT) by regulating p53. Taken together, these results further showed that the carcinogenesis and tumour progression in PTC cells were potentially affected by RASSF10 via activating the p53 signalling pathway. A similar study suggested that RASSF10 could inhibit the proliferation of colorectal cancer [16] .
A previous study has reported that p53 encodes a transcription factor, which contributes to the transcriptional activation of a large number of targets, such as p21 and the proapoptotic protein Bax [46] . Thus, p53 is likely to affect upstream pro-apoptotic proteins to modulate their functions in the cytoplasm. We also found that overexpression of RASSF10 significantly increased the expression of p53, p21, and Bax, and decreased the expression of Bcl-2 in K1 cells, while p53 siRNA significantly decreased these corresponding effects. These results demonstrated that RASSF10 serves as a tumour inhibitor in PTC cells, and it has a potential role in carcinogenesis and tumour progression.
In summary, our study demonstrated that RASSF10 is a potential tumour inhibitor gene in PTC and is mainly inactivated by promoter methylation. RASSF10 contributes to the inhibition of carcinogenesis by facilitating cell apoptosis and suppressing cell proliferation, migration and invasion by activating the p53 signalling pathway. As a result, RASSF10 might act as a novel molecular target for the detection and treatment of PTC. However, further studies are needed to investigate the effect of RASSF10 on other cellular processes in PTC, such as cell adhesion and differentiation.
In summary, this study identified the tumour-suppressive role of RASSF10 in PTC, as assessed by RASSF10 facilitation of cell apoptosis via activating the p53 signalling pathway. However, further studies are needed to investigate the effect of RASSF10 on other cellular processes in PTC, such as cell adhesion and differentiation.
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